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Several occurring standards for cellular broadband networks, such as WiMAX 
or LTE, are based on OFDMA. This is because it can reduce multipath interference 
and enhance bandwidth efficiency of the systems. However, the OFDMA technique 
cannot provide full benefits due to the problem of Inter-Cell Interference (ICI) from 
neighboring cells. To tackle the problem, the frequency resource is divided and 
differently allocated between cell-center and cell-edge area, so called Fractional 
Frequency Reuse (FFR). Furthermore, the concept of horizontal beamforming 
technique has been proposed to tackle ICI problem. However, the problem still 
remains when the directions of ICI signal from neighboring cells are the same as the 
one of desired signal in the cell of interest. Moreover, several antenna types used to 
perform vertical beamforming cooperating with FFR technique have been proposed to 
steer their beams to desired directions. Nevertheless, the mentioned concepts are 
considerably not practical as there are some difficulties in installing the large antennas 
at Base Station (BS). 
 Therefore, this thesis aims to reduce ICI using vertical beamforming in two 
areas: cell-center and cell-edge, separately. Moreover, beam patterns are simulated 
according to the BS antenna currently utilized nowadays in order to see its real 
 
 
 
 
 
 
 
 
IV 
performance. Then, the radiation patterns are tested under real circumstance. The 
radiation pattern from experimental results is compared with the ones from simulation 
and commercial data. Also, the performance in terms of SINR and channel capacity 
employing experimental results are exposed to confirm that the proposed concept is 
able to improve the performance of cellular networks.  
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CHAPTER I 
INTRODUCTION 
 
1.1 Background of problems 
Several occurring standards for cellular broadband networks, such as WiMax 
or Long-Term Evolution (LTE), are based on Orthogonal Frequency Division 
Multiple Access (OFDMA). The multiple access in OFDMA technique is based on 
Orthogonal Frequency Division Multiplexing (OFDM) technique which is developed 
from Frequency Division Multiplexing (FDM) technique. In FDM technique, all of the 
frequency band is divided into several bands, each band is called subchannel. To 
protect interfering between subchannels, bandwidth of each subchannelmust not be 
overlapped. In OFDM technique, subchannel is separated to several groups which are 
called subcarrier. Bandwidth of each subcarrier can overlap the other subcarriers using 
(a) 
(b) 
 
Figure 1.1Subchannel in(a) FDMAand (b) OFDMAtechnique. 
 
 
 
 
 
 
 
 
 
 
2 
orthogonality as shown in Figure 1.1.From Figure 1.2, side band of orthogonal signal 
aftermodulation doesnot interfere the other subcarriers. According to this, OFDM 
technique can improve bandwidth efficiency due to bandwidth of each subcarrier can 
overlap the other adjacent subcarriers. In OFDMA technique, subcarriers are separated 
to each user which is varied in time and frequency as shown in Figure 1.3. For this 
reason, the side band interference is eased. Therefore, several occurring standards are 
based on OFDMA technique.  
However, the OFDMA technique cannot provide full benefits due to the 
problem of Inter-Cell Interference (ICI) from neighboring cells. In cellular networks, 
the users staying in cell-center area exploit high signal strength as they are close to the 
Base Station (BS). On the other hand, the signal strength is degraded when users are 
moving close to the cell-edge. Moreover, the users located at cell-edge also experience 
interference signal coming from neighboring cells as shown in Figure 1.4. To tackle 
the problem, the frequency resource is divided and differently allocated between cell-
 
Figure 1.2Subchannel inOFDMAtechnique. 
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5 
beam direction mention earlier is selected to provide the highest performance of 
cellular networks.  
 
1.2 Research objectives 
The objectives of this research are as follows: 
1.2.1 To study FFR technique for OFDMA systems in order to choose a 
suitable FFR scheme to reduce interference signal. 
1.2.2 To propose a concept of vertical beamforming to BS antenna in order 
to enhance the performance of cellular networks. 
 
1.3 Scope and limitation of the study 
1.3.1 Performance of cellular networks when utilizingFFR and vertical 
beamforming is considered.  
1.3.2 An antenna array is designed using CST Microwave Studio according 
to the BS antenna currently employed at cellular BS.  
1.3.3 A vertical beamforming having two different mainbeam directions for 
cell-center and cell-edge is designed. 
1.3.4 Radiation pattern of BS antenna currently employed at cellular BS is 
measured and compared with commercial data from Commscope company. 
1.3.5 Some experiments are performed off-line. Then, the recorded data is 
simulated in computer including FFR techniques to evaluate the performance of 
cellular networks. 
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1.4 Contributions 
1.4.1 The performance in terms of SINR employing FFR technique with 
different frequency allocation schemes is considered. The FFR scheme providing 
maximum performance is adopted for the rest of this thesis. 
1.4.2 The performance comparison of vertical and horizontal beamforming is 
discussed to confirm that vertical beamforming provides higher SINR to the system. 
1.4.3 BS antenna currently utilized nowadays is applied to vertical 
beamforming concept, two beams separately utilized for cell-center and cell-edge 
areas.  
From literatures, the vertical beamforming has never been demonstrated with the 
commercial antenna utilized at BS.  
1.4.4 The optimum different angles of mainbeam directions are revealed in 
this thesis work. These mainbeam directions providing maximum SINR at cell-center 
and cell-edge areas are used to reveal the system performance comparing with the one 
employing single beam. 
1.4.5 The radiation patterns of fabricated antennas are tested under real 
circumstance. The performance in cellular networks obtained from experimental 
results is exposed to confirm that the proposed concept is able to improve the 
performance of cellular networks.  
 
1.5 Thesis organization 
The remainder of this thesis is organized as follows. Literature review is 
discussed in Chapter 2. This chapterpresents severalFFR techniques, each scheme of 
 
 
 
 
 
 
 
 
7 
FFR is discussed. Then, this section explains beam-formation in cellular networks.In 
addition, detail of beamforming collaborating with FFR technique is presented. 
Chapter 3 presents the fundamental and principle of OFDM technique. Then, 
OFDMA technique based on OFDM technique is described. 
Chapter 4 describes the fundamental of cellular networks. Afterwards, the 
classification of FFR techniques is presented. Then, a basic and classification of 
beamforming technique is shown. Then, the performance in cellular networks in terms 
of Signal to Interference plus Noise Ratio (SINR) and channel capacity is discussed in 
this chapter. 
Chapter 5 presents the performance of cellular networks with FFR techniques. 
Furthermore, radiation pattern of BS antenna from CST Microwave Studio is 
investigated. Then, the performance of cellular networks using simulation results from 
CST Microwave Studio and MATLAB programming is shown. 
In Chapter 6, experimental setup and the obtained results are presented. The 
performance in cellular networks obtained fromexperimental results is simulated. 
Then, the performance obtained from experimental results are compared with the ones 
from simulation results. 
In the last chapter, Chapter 7 provides conclusion of the research work and 
suggestion for further study. 
 
 
 
 
 
 
 
 
 
  
CHAPTER II 
LITERATURE REVIEW 
 
2.1   Introduction 
 This chapter presents fundamental concept of FFR techniques and also 
beamforming scheme. Some literatures related to FFR and beamforming are discussed 
to light up the motivation and contribution of the proposed thesis work.  
 
2.2   Fractional Frequency Reuse 
Principle of FFR technique has been proposed for GSM networks. Also, FFR 
technique has been provided in WiMax Forum and used for LTE technology. This 
technique separates the area of cellular network into two regions: cell-center and cell-
edge. From literature review, there are several forms of subcarrier allocation in FFR 
technique. For example as shown in Figure 2.1, all subcarriers are used at cell-center 
region for every cell while those all subcarriers are also separated to three groups 
which are used at each cell-edge area as shown in the figure. In addition, different 
transmitted power is assigned to each subcarrier. The transmitted power of subcarrier 
utilized at cell-center region is reduced in order to limit its coverage (Huawei Tech. 
Rep., 2005). Also, transmitted power of subcarrier groups at cell-edge region is 
reduced when those group are not used (Ericsson Tech. Rep., 2005). For another type 
of FFR as shown in Figure 2.2, all available subcarriers are divided into four parts: 
one part is used at cell-center area while other parts are separated used at cell-edge as 
shown in the figure. In general, the cell-center and cell-edge areas are separated by
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Figure 2.1 FFR technique with three subcarrier groups division. 
 
 
 
 
Figure 2.2 FFR technique with four subcarrier groups division.  
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considering distance between BS and user. In case of distance between BS and user is 
less than the threshold distance, subcarrier group of cell-center is utilized. In the other 
hand, subcarrier group of cell-edge is utilized when distance between BS and user is 
longer than the threshold distance (Sternad, Ottosson, Ahlen and Svensson, 2003). The 
SINR is also one parameter to determine which subcarrier utilized in cell-center or 
cell-edge regions is chosen. For example, subcarrier group for cell-center is utilized 
when SINR is higher than a threshold SINR. On the other hand, subcarrier group 
utilized in cell-edge area is chosen (Necker, 2007). Furthermore, to improve the 
system capacity and reduce ICI, not only FFR technique but cell sectorization is also 
employed in which each cell is divided into three sectors. According to this, all 
available subcarriers are used at cell-center area. For cell-edge area, all available 
subcarriers are separated to three groups in which each group is used in each sector. In 
addition, relay stations are installed at cell-edge area to reduce ICI as shown in Figure 
2.3 (Yue, Ximing, Xiaopeng, Zhengguang and Yan, 2009). For other type, all 
available subcarriers are separated to two groups. One is called cell-center group 
employed at cell-center area and another one is called cell-edge group. The cell-edge 
group is divided into three groups where each group is employed at different sector as 
shown in Figure 2.4. As pointed out earlier, the threshold value for both distance and 
SINR (Lei, Zhang and Yang, 2007) is significant to determine the performance of 
cellular networks. Therefore, this thesis also takes this issue into account for research 
work. 
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Figure 2.3 FFR technique with cell sectorization and relay stations.  
 
 
 
 
Figure 2.4 FFR technique including cell sectorization with two subcarrier group 
 division.   
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2.3 Beamforming in cellular networks  
Nowadays, the demand of cellular networks have been dramatically increased 
over the last decades. One technique capable of improving the cellular network 
performance is a smart antenna technique. The smart antennas are constituted by 
multiple element antennas accompanied by suitable signal processing units either at 
the transmitter or receiver side of a communication link. The term of beamforming 
means pointing the antenna beam towards a desired user and nulls or low side lobes 
towards interfering sources. According to this, the smart antennas are capable of 
considerable improving the quality of signal transmission in a multi user environment. 
There are lots of literatures concerning beamforming in cellular networks such as 
simulation of SINR performance in GSM System employing switched-beam smart 
antenna system (Akma, Ismail and Jumari, 2002). The switched-beam antenna systems 
are a typical type of smart antenna used to reduce co-channel interference of GSM 
cellular systems. The obtained results have indicated that the system SIR can be 
improved when applying switched beam antennas. Also, some works (Tianmin, R. and 
Richard, J.L., 2005; Tianmin, R. and Richard, J.L., 2006) have revealed that 
beamforming can handle unknown ICI in multi cell environment. The obtained results 
have confirmed that this basic approaches can be easily extended to handle 
unpredictable interference in cellular networks.  
 
2.4 Beamforming with FFR technique 
As mentioned earlier, interference signal can be reduced using FFR technique 
and the performance of the cellular networks can be improved using beamforming 
technique. Therefore, the performance of cellular networks can be extremely 
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improved when using FFR collaborating with beamforming technique. From 
literatures, combination of FFR technique and semi-smart antennas with learning 
Genetic Algorithm (GA) (Yapeng, Xu, Ma and Cuthbert, 2010; Yapeng, Xu, Ma and 
Cuthbert, 2009) has been proposed. The outcome results have revealed that the semi-
smart antennas can produce flexible coverage patterns for BS and the learning 
algorithm can coordinate the coverage patterns between BS to minimize interferences 
for user as shown in Figure 2.5. According to this, the total capacity improvement is a 
result of improving channel condition on user in terms of minimizing ICI. However, 
this system is complex due to the requirement of an accurate calculation for covering 
area of all users. Next, horizontal beamforming with FFR technique in cellular 
networks has been proposed (Wendy, Qinghua and Shilpa, 2010). The FFR technique 
has been used at cell-edge region and horizontal beamforming scheme is used for 
pointing mainbeam towards a desired user and pointing nulls towards interfering 
Direction. From the research work presented (Lott, 2006), collision statistic of antenna 
beams depends on mobile terminal distribution. The authors have also shown that the 
more collisions happened in the frames, the more beams are directed in that area to 
subdivided the region with the most collision probability as shown in Figure 2.6. 
However, the mentioned scheme cannot improve the performance of the system when 
the direction of ICI signal coming from neighboring cell is at the same direction of a 
desired signal in the cell of interest. Then Naizheng, Per-Henrik, Jens, Claudio and 
Jeroen, 2008 have proposed the utilization of vertical beamforming scheme with FFR 
 
 
 
 
 
 
 
 
14 
 
 
 
 
 
 
Figure 2.5 Coverage patterns for BS using semi-smart antennas and GA algorithm 
 (Yapeng, Xu, Ma and Cuthbert, 2010; Yapeng, Xu, Ma and Cuthbert,  
 2009) 
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Figure 2.6 Horizontal beamforming with FFR technique in cellular networks  
 (Lott, 2006)  
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in cellular networks. The mainbeam direction producing the highest performance of 
the system and coverage all of the sector is considered. Nevertheless, the signal 
strength in cell-center is degraded when changing a downtilt angle. On the other hand, 
the signal-strength at cell-edge is degraded when a downtilt angle of antenna is 
increased. 
From above literature reviews, those proposed concept has not been taken into 
account for the real BS antenna. Therefore, this research aims to apply a vertical 
beamforming technique to reduce interference signal from neighboring cells. The 
antenna array commercially utilized at BS is also adopted to see the real performance 
for cellular systems. To validate the proposed concept, some experiment are 
performed using the real antenna at BS.        
 
2.5 Chapter summary 
This chapter gives a detail and literature survey of beamforming scheme for 
FFR technique in cellular networks. A principle of FFR technique in cellular networks 
and the different allocation subcarrier groups of FFR technique are presented. Then, 
reduction of interference signal transmitted from neighboring cells using beamforming 
scheme is described. Afterwards, beamforming scheme for FFR technique in cellular 
networks to reduce ICI from neighboring cells and enhance the signal in a desired 
direction is discussed. Nevertheless, the mentioned concept does not work very well 
for the case having ICI signal coming from the same direction of the desired signal for 
the cell of interest. In addition, the beam coming from cell-center introduces high level 
of interference to the neighboring’s cell-center. To handle this problem, this thesis 
applies a vertical beamforming scheme collaborating with FFR technique for cellular 
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network. Furthermore, BS antenna utilized nowadays is taken into account to see the 
real performance for cellular systems.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER III 
INTRODUCTION TO OFDMA TECHNIQUE 
 
3.1   Introduction 
 In this chapter, two methods for full duplex in communication systems, 
Frequency Division Duplexing (FDD) and Time Division Duplexing (TDD) are 
delineated (Ray, H., 2002). Then, four multiplexing and access techniques are 
described. First, the principle of FDMA technique is presented, which is the basic of 
Orthogonal Frequency Division Multiple Access (OFDMA) technology. Then, Time 
Division Multiple Access (TDMA) and Code Division Multiple Access (CDMA) 
technique are described. The different structures of each technique are indicated. 
Finally, the fundamental of OFDMA technique is also depicted followed by the 
concept of subchannel division in OFDMA technique.   
3.2   Full-duplexing systems 
 For bidirectional communication, many users want to send data as well as 
receive data. A half-duplex system provides communication for both directions, but 
only one direction at a time. A full-duplex system allows communication for both 
directions simultaneously. For this system, the user simultaneously requires two 
channels, one for sending the information from mobile to BS (reverse link) and the 
other for receiving the information from BS to mobile (forward link). This system can 
be separated into two methods, FDD and TDD (Sajal, K.D, 2010). 
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3.2.1 Frequency Division Duplexing (FDD) 
 FDD is a duplexing in terms of frequency domain. Two separated 
frequency bands are used in this technique. One is used to transmit the information 
from BS to mobile so called forward band. The other one is called reverse band which 
is used for transmitting information from mobile to BS as shown in Figure 3.1. The 
frequency bandwidth of 5 MHz is used for forward and reverse bands separately, so 
the total bandwidth is 10 MHz. For this case, the information is transmitted with the 
rate of 5 Mbps as same as for the received information. 
 
3.2.2 Time Division Duplexing (TDD) 
 TDD is a duplexing in terms of time domain. This technique only 
utilizes a single frequency band for transmitting the information. The frequency band 
is divided into 2 time slots, forward and reverse time slots. For forward time slot, the 
information is transmitted from BS to mobile while transmission from mobile to BS is 
called reverse time slot. There is a gap between forward and reverse time slot to 
reduce interference between those two time slots. The configuration of forward and 
reverse time slots in TDD is shown in Figure 3.2. This utilizes frequency bandwidth of 
 
 
 
Figure 3.1 FDD configuration. 
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10 MHz, 50% for each receiving and transmitting. The information is transmitted with 
the rate of 10 Mbps as same as for the received information.   
 
3.3  Multiplexing and access techniques  
 In communication systems, it is necessary to have a scheme that enables 
several multiple users to access and use the limited frequency band simultaneously. To 
ease the mentioned problem, there are four basic multiplexing techniques: FDMA, 
TDMA CDMA and OFDMA techniques.  
  3.3.1 Frequency Division Multiple Access (FDMA) 
 FDMA technique is a multiple access scheme of FDM. Principle of 
FDM technique is to divide a frequency band into several bands, each band is called 
subchannel. To protect interfering between subchannels, bandwidth of each 
succhannel must not be overlapped. Each subchannel is obstructed by narrow 
frequency band, so called guardband as shown in Figure 3.3. However, the FDMA 
technique cannot provide full benefits due to some of frequency band is used for 
guardband. In case of multiple access, each subchannel is used for each user 
 
 
Figure 3.2 TDD configuration. 
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separately. Therefore, some of subchannels are useless when the number of users is 
less than the number of subchannels.  
 In FDMA technique, FDD and TDD are used for sending and receiving 
the information. Figure 3.4 and 3.5 show the FDMA/FDD and FDMA/TDD structures, 
respectively. So far, some popular systems such as Advanced Mobile Phone System 
(AMPS) employs FDMA/FDD technique and Digital European Cordless Telephone 
(DECT) employs FDMA/TDD technique. 
 
3.3.2 Time Division Multiple Access (TDMA) 
TDMA technique is a multiple access scheme in time domain as shown 
in Figure 3.6. In TDMA technique, subchannel is divided to multiple blocks of time, 
so celled time slot. Each time slot is used by one user so there are many users in a 
subchannel. There are several constructions of time slot division depending on the 
systems. Figure 3.7 shows an example of time slot division. A frequency is divided
 
 
 
Figure 3.3 FDMA technique configuration.  
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Figure 3.4 FDMA/FDD technique configuration.  
 
 
Figure 3.5 FDMA/TDD technique configuration.  
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into 8 time slots, S1 to S8. Each slot is consisted of trail bits, synchronization bits, 
information data and guard bits. Firstly, tail bits are designed to indicate the starting 
point of the slot. Next, each slot in every frame must be synchronized against all 
others using synchronizing bits. Then, actual conversation is included in information 
data. Finally, guard bits are empty area to protect interference between adjacent slots. 
 
 
Figure 3.6 TDMA technique configuration.  
 
 
 
 
Figure 3.7 Time slot division in TDMA technique.  
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However, TDMA technique cannot use full benefit of bandwidth as there are many 
compositions which is not the actual data in each slot. In TDMA technique, FDD and 
TDD are used for sending and receiving the information. The structures of 
TDMA/FDD and TDMA/TDD are shown in Figures 3.8 and 3.9, respectively. The 
examples of the systems employing TDMA/FDD and TDMA/TDD techniques are 
Global System for Mobile (GSM) for TDMA/FDD and Medium Access Control  
(MAC) protocol in IEEE 803.16 for TDMA/TDD technique (Pedro, C., Francisco, 
M.D., Jesus, D., Luis, O.B., 2008). 
  From the mentioned problem of frequency for FDMA and TDMA 
techniques, the idea to utilize full benefit of frequency has been proposed, so called 
CDMA technique. The principle of CDMA technique is described in next section.   
 
3.3.3 Code Division Multiple Access (CDMA) 
For the foundation of CDMA technique, all users can use the same 
frequency at the same time using spread spectrum technique. This technique indicate 
the user by code as each user is assigned by a specific code in which different code is 
used for different user as shown in Figure 3.10. According to this, CDMA technique 
has an advantage over the others as the systems can use the same frequency for every 
cell in the networks. Therefore, CDMA technique is able to provide full efficiency in 
terms of frequency utilization. Furthermore, CDMA technique can support the 
systems having a large number of users. 
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Figure 3.8 Configuration of TDMA/FDD technique.  
 
 
Figure 3.9 Configuration of TDMA/TDD technique. 
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In CDMA technique, FDD and TDD are used for sending and receiving 
information as shown in Figures 3.11 and 3.12, respectively. An example of the 
systems employing CDMA/FDD is US Narrowband Spread spectrum (IS-95). Also, 
an example of systems employing CDMA/TDD is Universal Mobile 
Telecommunications System (UMTS) in 3GPP standard (Zhu, H. and Ray Lin, K.J., 
2008).      
    
 3.3.4 Orthogonal Frequency Division Multiple Access (OFDMA) 
A multiple access in OFDMA technique is based on Orthogonal 
Frequency Division Multiplexing (OFDM) technique which has been developed from 
FDM technique described in Section 3.3.1. To tackle the problems of FDM technique 
mentioned earlier, the OFDM technique has been proposed to provide full benefits of 
frequency utilization (Chang, R.W., 1996). In OFDM technique, subchannel is 
separated to several groups, so called subcarrier. Bandwidth of subcarriers can be
 
 
Figure 3.10 Configuration of CDMA technique.  
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Figure 3.11 Configuration of CDMA/FDD technique.  
 
 
 
 
Figure 3.12 Configuration of CDMA/TDD technique.  
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overlapped using orthogonally as shown in Figure 3.13. According to this, OFDM 
technique can improve bandwidth efficiency due to bandwidth of each subcarrier can 
overlap adjacent subcarriers. Moreover, groups of data are transmitted at the same 
time as shown in Figure 3.14 (b) while a single carrier band is used to send all data 
using spread spectrum technique as shown in Figure 3.14 (a). According to this, 
OFDM technique provides higher accuracy over spread spectrum technique as shown 
in Figure 3.15.  
  
 
 
(a) 
 
 
 
(b) 
 
Figure 3.13 Subchannel division in (a) FDM and (b) OFDM techniques.  
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The principle of OFDM technique is adding a cyclic prefix to solve a problem of 
multipath in communication systems as shown in Figure 3.16 (WiMAX Forum, Tech. 
Rep., 2006). The cyclic prefix is a copy of last part of OFDM symbol and placed in 
front of the symbol. The length of cyclic prefix is longer than the length of the 
dispersive channel to completely remove inter symbol interference.The foundation of 
OFDM technique can be separated into 2 parts, transmitter and receiver. In 
transmitting part, signal is separated into several groups. The groups are modulated
 
 
                            (a)                                                                      (b) 
 
Figure 3.14 Data transmission in (a) spread spectrum and (b) OFDM technique.  
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Figure 3.15 Impact from interference when (a) spread spectrum and (b) OFDM  
 technique are used.  
 
 
Figure 3.16 Cyclic prefix in OFDM technique.  
 
 
 
 
 
 
 
 
 
 
30 
 
with subcarriers. After modulation, these groups are in frequency domain and 
transmitted in parallel. To transform the signal in frequency to time domains, the 
Inverse Fast Fourier Transform (IFFT) scheme is employed. Then, cyclic prefix is 
added. Afterwards, the signals in time domain are multiplexed into signal series as 
shown in Figure 3.17 (a). In receiving part, there is reverse process with respect to the 
transmitting part. The Fast Fourier Transform (FFT) scheme is used to transform 
signal in time to frequency domains as shown in Figure 3.17 (b). 
 
 
 
(a) 
 
 
 
(b) 
 
Figure 3.17 (a) Transmitting and (b) receiving parts in OFDM technique.  
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  After brief foundation of OFDM technique, OFDMA technique which 
is multiple access of OFDM technique is discussed. In OFDMA technique, the 
multiple user signals are separated in the time and frequency domains as shown in 
Figure 3.18. The structure of OFDMA technique is contained with data subcarrier, 
pilot subcarrier and null subcarrier as shown in Figure 3.19. In the first part, data 
subcarrier is contained with actual data. For the next part, pilot subcarrier is used for 
synchronization. Moreover, this part is used for estimating and following the channel. 
For the last part, null subcarrier is used to reduce interference between adjacent 
channels. A Combination of data and pilot subcarriers to transmit and receive data is 
called subchannel. The subchannel can be classified into 2 types (Srikanth, S., 
Kumaran, V., Manikandan, C., Murugesapandian) as follows. The one is the Adjacent 
Subcarrier Method (ASM) which is suitable for stationary utilization and the other 
 
 
 
Figure 3.18 Multiple user signals separated in the time and frequency domains in  
 OFDMA technique.  
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one is the Diversity Subcarrier Method (DSM) which is suitable for mobile as shown 
in Figure 3.20. 
  In ASM method, uplink and downlink systems have the same 
subchannel formation. Firstly, 8 adjacent data subcarriers and 1 pilot subcarrier are 
grouped into 1 bin. Then, bins are combined to form subchannel which can be 
classified into 4 types. For the first type, a subchannel is consisted of 6 bins. For the 
second type, a subchannel is consisted of 3 bins. For the third type, a subchannel is 
contained with 2 bins. In the last type, a subchannel is consisted of 1 bin. Next, a 
multiplication between the number of bin and symbol become a slot. After 
multiplication, 1 slot must be 6. For example, 1 subchannel is multiplied by 1 symbol 
in the first type. For the second type, 1 slot is composed with 1 subchannel and 2 
symbols. For the third type, 1 slot is composed with 1 subchannel and 3 symbols 
while 1 subchannel and 6 symbols are utilized for the last type. Therefore, each slot is 
contained with 48 data subcarriers and 6 pilot subcarriers. 
 
 
Figure 3.19 Structure of OFDMA technique.  
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  In DSM method, uplink and downlink systems have different 
subchannel formation. In downlink systems, subchannel formation can be categorized 
into 2 types, Partial Usage of Subcarrier (PUSC) and Full Usage of Subcarrier 
(FUSC). In downlink FUSC, all subcarriers are grouped into 48 groups. Each group is 
contained with 32 subcarriers. Then, one of 32 subcarriers of each group is chosen to 
aggregate with the others that become 1 subchannel as shown in Figure 3.21. For 
downlink PUSC, all subcarriers of OFDM symbol are split to cluster. Each cluster is 
contained with 14 adjacent subcarriers which are 12 data subcarriers and 2 pilot 
subcarriers. After subcarriers are grouped into a cluster, each cluster is rearranged. 
 
 
(a) 
 
(b) 
 
Figure 3.20 Formation of subchannel for (a) ASM and (b) DSM methods.  
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Figure 3.21 Downlink systems of FUSC in DSM method.  
 
 
Figure 3.22 Downlink systems of PUSC in DSM method.  
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Then, 24 clusters are considered. One subcarrier of each cluster is chosen and 
collected into 1 subchannel as shown in Figure 3.22. 
  In uplink systems, subchannel is created using PUSC method which is 
different from downlink PUSC. There are 4 subcarriers in 1 symbol in which 3 
symbols are a tile. Therefore, 1 tail is contained with 12 subcarriers (8 data subcarriers 
and 4 pilot subcarriers). Then, a subchannel is an inclusion of 6 tiles. This means that 
a subchannel in uplink PUSC is contained with 48 data subcarriers and 24 pilot 
subcarriers. 
  An example of OFDMA technique employing FDD is LTE technology 
while TDD is currently used for WiMAX technology. 
 
3.4 Chapter summary 
In OFDM technique, bandwidth of each subcarrier can overlap the other 
subcarriers using orthogonally. For this reason, OFDM technique can improve 
bandwidth efficiency due to bandwidth of each subcarrier can overlap the other 
adjacent subcarriers. Moreover, groups of data are parallel transmitted using OFDM 
technique. Therefore, this technique provides higher accuracy comparing the others. 
The multiple access in OFDM technique is called OFDMA technique in which 
multiple user signals are separated in time and frequency domains. Therefore, the 
bandwidth efficiency in cellular networks can be improved using OFDMA technique. 
Furthermore, utilizing the same frequency in every cell for cellular networks can 
provide full benefit of bandwidth efficiency. However, this can be a cause of inter cell 
interference to neighboring cells. To tackle this problem in OFDMA technique, 
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fractional frequency reuse technique has been proposed and will be described in next 
chapter.  
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER IV 
BACKGROUD THEORY 
 
4.1   Introduction 
 This chapter describes the performance enhancement of cellular networks. A 
cell allocation scheme in cellular networks, FFR in OFDMA technique and 
beamforming technique which have been proposed to improve the capacity of wireless 
systems are also discussed in this chapter. In addition, the system performance in 
terms of SINR and channel capacity are also considered.   
4.2   Cell allocation in cellular networks 
 To fully utilized benefit of limited frequency spectrum, all areas are separated 
into cells. There are several shapes of cells such as circular, triangle, square and 
hexagonal cells as shown in Figure 4.1. As we can see, there are inter cell interference 
from adjacent cells when the circular shapes are used. Therefore, hexagonal shapes 
which resemble with the circular shapes are conventional used. Moreover, inter cell 
interference from neighboring cells are reduced when using hexagonal cells.   
 
 
Figure 4.1  Cell shapes of cellular networks. 
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 Next, frequency allocation is considered. In cellular networks, utilizing the 
same frequency in every cell can provide full benefit of bandwidth efficiency. 
However, cells which use the same frequency interfere each other, so called Co-
Channel interference (CCI). To tackle this problem, combination of many cells to one 
group, so called cluster, is performed. Cluster can be classified into several types such 
as all available frequency are divided into three groups which are used in three cells as 
shown in Figure 4.2 (b). In Figure 4.2 (e), all available frequency are divided into 
twelve groups which are used for twelve cells in a cluster. As we can see, frequency 
bandwidth is reduced when the numbers of cell in a cluster is increased. This can be a 
cause of channel capacity reduction. On the other hand, in case of having a few 
number of cell in a cluster, distance between cells which use the same frequency is 
short. This results in stronger CCI. So far, there are three schemes to improve the 
channel capacity and reduce CCI: cell splitting, cell sectorization and microcell 
zoning. 
      (a)           (b)                     (c)                        (d)                            (e) 
 
 
Figure 4.2  Numbers of cell in a cluster. 
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4.2.1 Cell splitting 
 For this scheme, cell is divided into many small cells as shown in Figure 4.3. 
The number of user in small cell is equal to the number of user in a cell without 
division. Therefore, the system capacity remains as the same as of the small cell. 
However, this scheme is of high cost due to the BS must be installed in every small 
cells. In addition, utilizing the same transmitted power with a cell without division is a 
cause of CCI problem in small cells. Therefore, transmitted power must be decreased 
to reduce ICI when cell splitting scheme is performed.  
4.2.2 Cell sectorization 
 Sectorization is a cell division into many equivalent parts as each part is 
called sector. For example, cell is divided into three sectors and six sectors as shown 
in Figure 4.4 (a) and (b), respectively. The directional antennas having their radiation 
covering all of sector areas are replaced  by omni directional antennas. Therefore, CCI 
in the system is reduced due to the beamwidth of directional antenna pattern is 
 
 
 
 
Figure 4.3  Cell splitting configuration. 
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narrower than the beamwidth of omni directional pattern. For example, CCI is reduced 
to two directions when a cell is divided into 3 sectors as shown in Fig. 4.5 (a). In this 
figure, we also see that CCI are coming from 7 cells without sectorization. In case of 
cell is divided into 6 sectors as shown in Fig. 4.5 (b), there is only one CCI when a 
cluster is contained with 7 cells. However, BS antennas are increased when sectors are 
increased. Moreover, frequency bandwidth division is depended on the number of 
sector. This can be a cause of channel capacity reduction when there are many sectors 
in a cell. 
4.2.3 Microcell zone 
 In this scheme, a cell is divided into three areas. Transmission 
equipment is set at cell edge in each area as shown in Figure 4.6. Each transmission 
equipment is connected with the same BS in a cell using fiber optic. There is only one 
equipment working at a time. In case of users move away from one equipment and 
near to another equipment, the equipment nearby the user is activated. 
 
            
 
                              (a)                                                 (b) 
 
Figure 4.4  Cell sectorization for (a) 3 sectors and (b) 6 sectors. 
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                              (a)                                                                   (b) 
 
Figure 4.5  Directions of CCI when cell is divided into (a) 3 sectors and (b) 6  
 sectors. 
 
 
Figure 4.6  Microcell zone. 
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4.3  Fractional Frequency Reuse (FFR) in OFDMA technique  
 Form chapter 3, bandwidth efficiency can be increased using OFDMA 
technique. Moreover, utilizing the same frequency in every cell for cellular networks 
can provide full benefit of bandwidth efficiency. However, in cellular networks the 
users staying in cell-center area exploit high signal strength as they are close to BS. On 
the other hand, the signal strength is degraded when users are moving close to the cell-
edge. Moreover, the users located at cell-edge also experience interference signal 
coming from neighboring cells. To tackle this problem in OFDMA technique, FFR 
technique is proposed. 
FFR technique separates the area of cellular networks into two regions: cell-
center and cell-edge. There are several forms of subcarrier allocation in FFR 
technique. For example, all subcarriers are used at cell-center region for every cell 
while those all subcarriers are also separated to three subsets which are used at each 
cell-edge area as shown in Figure 4.7 (a). For another type of FFR, all available 
subcarriers are divided into four parts: one part is used at every cell-center areas while 
other parts are separated used at cell-edge as shown in Figure 4.7 (b). In addition, all 
available subcarriers are divided into two groups. One group is used at cell-center 
areas while the other group is separated into three subgroups that separated used at 
cell-edge area as shown in Figure 4.7 (c). 
To improve the system capacity and reduce ICI, not only FFR technique but 
cell sectorization is also employed in which each cell is divided into three sectors as 
shown in Figure 4.8. All available subcarriers are separated into two groups, one
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(a) 
 
 
 
 
 (b) 
 
 
 
 
(c) 
 
Figure 4.7  Examples of FFR techniques. 
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Figure 4.8  Cell sectorization scheme with FFR. 
 
 
 
 
 
Figure 4.9  Cell sectorization with different transmitted power at cell-center and 
 cell-edge area. 
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group is used at cell-center area, so called super group, and the other one is used at 
cell-edge area, so called regular group.  For a regular group, all available subcarriers 
are separated to three subgroups in which each group is used in each sector. In 
addition, cell sectorization can be employed with different transmitted power at cell-
center and cell-edge area as shown in Figure 4.9. All available subcarriers are divided 
to three groups, each group is used at cell-edge area. At cell-center area, two groups 
which are not used at cell-edge area are utilized. The transmitted power of subcarrier 
utilized at cell-center area is reduced to half of power that transmitted at cell-edge 
area.  
4.4  Beamforming technique  
 Beamforming technique in smart antenna systems can improve the 
performance in cellular networks due to this technique are capable of forming beam in 
desired direction and nulls in the interference directions. Beamforming technique in 
smart antenna systems can be classified into two categories: fixed and adaptive 
beamforming systems. 
  4.4.1 Fixed beamforming systems 
 In fixed or switched beamforming systems, there are fixed numbers of 
main beam and a switching network is used to select its main beam to desired user. 
This system is easy to implement due to it is not complex and low of cost. However, 
this system is not able to provide any protections to path components. Moreover, this 
system cannot be continuously updated based on the received signals. This can be a 
cause of low signal strength when the desired direction is out of half power beamwidth 
of main beam.  
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 4.4.2 Adaptive beamforming systems 
The fundamental of adaptive beamforming systems is based on fixed 
beamforming systems. These systems have many advantages as follows. The antenna 
beams adaptively track any desired signal direction and its null can be placed in the 
direction of interferences. These systems have better capability over fixed 
beamforming systems because main beam continually tracks the desired user. 
However, adaptive beamforming systems have disadvantage in complication and high 
cost (Fakoukakis, Diamantis, Orfanides and Kyriacou, 2005; Morgan, 2008). 
  
 In this thesis, beamforming technique using antenna which is currently 
employed at cellular BS (Andrew A CommScope Company, 2009) is considered. 
From the commercial data, the half power beamwidth in horizontal plane of this array 
antenna is 120 degree which can cover all of a sector area. However, the half power 
beamwidth in vertical plane is 7 degree. This beamwidth cannot cover all of users at 
cell-center or cell-edge area in a sector. Therefore, beamforming technique is used to 
improve the performance of beam covering at cell-center and cell-edge area. From 
advantage and disadvantage points of views for fixed and adaptive beamforming 
systems presented in sections 4.4.1 and 4.4.2, fixed beamforming systems are in focus 
for this thesis as they are not complicated. Moreover, high speed signal processing is 
not necessary to continually track the desired user in fixed beamforming systems. 
Therefore, fixed beamforming system is suitable to use with the antenna which is 
currently employed at cellular BS. 
 In beamforming technique, array antennas can form beam while array factor is 
used for assigning the direction of main beam. The antenna which is currently 
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employed at cellular BS is linear array antennas which is the basic of array antennas. 
The linear array antennas are the simplest and most practical array. There are two or 
more elements antenna placing along a line. In Figure 4.10, there are N antenna 
elements which are equally spaced to each other. All elements have identical 
amplitudes but each succeeding element has a progressive phase leading current 
excitation relative to the preceding one. An array of identical elements with identical 
magnitude and each with a progressive phase is referred to as a uniform array. The 
total field can be formed by multiplying the array factor of the isotropic sources by the 
field of a single element. The array factor of linear array antenna is given by 
 
                           cos 2 cos 1 cos1 ...j kd j kd j N kdAF e e e                             (4.1) 
 
where k is the propagation constant, with k=2π/λ. The antenna elements are equally 
 
 
 
Figure 4.10 Geometry of N element array positioned along the z-axis. 
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spaced by d. The angle represented by   is measured from the z-axis in spherical 
coordinate. Also, β is the phase shift between adjacent elements which can be 
expressed by 
 
  0coskd                                                             (4.2) 
 
where angle represented by  0 is the direction of maximum radiation. 
 The array factor of (4.1) reduces to 
 
 121 ... j Nj jAF e e e                                                      (4.3) 
 
where 
coskd                                                                    (4.4) 
Multiplying both sides of (4.3) by je  , it can be written as 
 
2 3 ...j j j j jNe AF e e e e                                                    (4.5) 
 
Subtracting (4.3) from (4.5), it can also be written as 
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If the reference point is the physical center of the array, the antenna elements are 
equally space by d=0 and  β=0. Therefore, cos 0kd     which the array factor 
of (4.6) reduces to 
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                                                           (4.7) 
 
The maximum value of (4.7) is equal N. To normalize the array factors so that the 
maximum value of each is equal to unity, (4.7) is written in normalized form as 
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Form the array factor in (4.8), the total field radiated of array antenna can be 
expressed by 
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                E(total) = [E(single element at reference point) ] × [array factor]            (4.9) 
 
4.5 The performance in cellular networks 
 The SINR is commonly used in cellular networks as a parameter to measure 
the system quality. The SINR is defined as the power of a certain signal of interest 
divided by the sum of the interference power and the power of some background 
noise. The received SINR can be expressed by 
 
                                        
0
PrSINR N B PI
                                                              (4.10) 
 
 
where N0B is the power of noise in which N0 is the power spectrum density and B is 
the bandwidth of subcarriers. Also, the Pr  and PI are the power of interesting cell and 
interfering cells, respectively. The Pr  and PI are assumed to experience the effects 
from transmitted power of their cells, propagation path loss and shadowing fading. 
 The propagation path loss is the reduction of received power due to the 
distance between user and BS which can be given by 
 
 10120.9 37.6logPL R                                                (4.11) 
 
where R is the distance between user and BS in kilometers.  
 Shadowing is caused by obstacles between transmitter and receiver which 
attenuates signal power through absorption, reflection, scattering and diffraction. 
Then, we consider the following correlation model for shadowing. 
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  2 corrddX d                                                        (4.12) 
 
     21 1 0,n nS X d S X d N                                  (4.13) 
 
Where X(d) is normalized autocorrelation function, dcorr is decorrelation length and 
d is the moving distance of the mobile station after calculating shadowing. The Sn 
and Sn-1 are the shadowing values at the two consecutive calculations. The  0,N   
presented in (4.13) is a Gaussian random variable with zero mean and standard 
deviation of   is eight.  
 Multipath fading is caused by user moving. This can be a cause of signal 
power attenuation. Multipath fading can be expressed by 
 
  11 2
0
L
j f
l s
l
H h T e  

  

                                             (4.14) 
 
 
where hl is the wide-sense stationary narrow band complex amplitude Gaussian 
process of the Lth path. The Ts stands for the OFDM symbol period and f  is the 
neighboring subcarrier spacing, with 1 sf T  . Also, 1  is the corresponding delay. 
 The Pr and PI in (4.10) can be calculated by substituting propagation path loss 
in (4.11), shadowing in (4.13) and multipath fading in (4.14) as can be expressed by 
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                                                    (4.16) 
 
where PLI, SI and HI are propagation path loss, shadowing and multipath fading of 
interference signal, respectively. The Pt and PtI  presented in (4.15) and (4.16) are 
transmitted power from BS and interfering BS, respectively. Substituting (4.15) and 
(4.16) into (4.10), it can be written as 
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where the parameter q is the number of ICI cells.  
 The channel capacity of user is the one important performance in cellular 
networks other than SINR which can be express by 
 2log 1mMC SINR                                                        (4.18) 
 
where m is the number of subcarrier groups utilized at desired area and M is all 
available subcarrier groups. In case of FFR is used in the systems, the channel 
capacity is given by  
 
cell center cell edge
C C C                                                     (4.19) 
 
 
where Ccell-center and Ccell-edge are the channel capacity at cell-center and cell-edge area, 
respectively. Figure 4.7 (b) shows an example of the cellular networks employing 
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FFR. All subcarriers are separated into four groups, one group is used at cell-center 
area while other groups are separately used at cell-edge areas. The channel capacity at 
cell-center area can be expressed by 
 
 214 log 1cell center cell centerC SINR                                        (4.20) 
 
where SINRcell-center is the SINR at cell-center area. On the other hand, the channel 
capacity at cell-edge area can be expressed by 
 
2
3
4
log 1
cell edge cell edge
C SINR 
                                             (4.21) 
 
where SINRcell-edge is the SINR at cell-edge area. Substituting (4.20) and (4.21) into 
(4.19), it can be written as 
 2 21 34 4log 1 log 1cell center cell edgeC SINR SINR                                  (4.22) 
 
 
4.6 Chapter summary 
 In this chapter, several techniques have been proposed to improve the 
performance of cellular networks. First, cell allocation scheme has been proposed such 
as cell splitting, cell sectorization and microcell zoning. Then, FFR in OFDMA 
technique has been used to improve the system performance and reduce ICI from 
neighboring cells. Finally, beamforming technique utilizing FFR is considered to give 
an enhanced performance in cellular networks.  
 
 
 
 
 
 
 
 
 
 
CHAPTER V 
PROPOSED VERTICAL BEAMFORMING EMPLOYING 
FFR TECHNIQUE 
 
5.1   Introduction 
 A vertical beamforming concept for the cellular networks utilizing FFR is 
investigated in this chapter. The performance in terms of SINR employing different 
FFR schemes is discussed. Then, the performance comparison of vertical and 
horizontal beamforming is considered. Afterwards, beam patterns are simulated 
according to the BS antenna currently utilized nowadays in order to see its real 
performance. Two separate beams are utilized for cell-center and cell-edge. Finally, 
the proposed concept is validated using computer simulation in terms of SINR and 
channel capacity comparing with single beam concept.  
5.2 Performance of cellular networks employing FFR technique 
with different frequency allocation schemes 
 From Chapter 4, utilizing the same frequency in every cell for cellular 
networks can provide full benefit to utilization of frequency bandwidth. However, this 
is can be a cause of ICI from neighboring cells. To tackle the problem, the frequency 
resource is divided and differently allocated between cell-center and cell-edge areas, 
so called FFR technique. In this section, the performance of cellular networks 
employing FFR is compared with the one without FFR. The simulation result in terms 
of SINR obtained from MATLAB is compared with result adopted from literature 
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review (Haipeng, Lei and Xin, 2007). Furthermore, SINR when employing different 
FFR schemes is shown to indicate the formation of FFR which provides maximum 
performance. 
 From literature reviews discussed in Chapter 2, there are several forms of 
subcarrier allocation in FFR technique. The popular form is division of all subcarriers 
into two groups (Haipeng, Lei and Xin, 2007). One group is used at cell-center while 
the other one is separated into three subgroups. Each cell is divided into three sectors 
which each sector employs each subgroup of all subcarriers as shown in Figure 5.1. 
Figure 5.2 shows the directions of ICI when an OFDMA cellular environment is 
contained with two-tier 19 cells. When the ith user is located in cell 1, the number of 
ICI at cell-center from neighboring cells is 18 (cell 2 to cell 19). At the cell-edge area, 
the interference signal is coming from 7 cells. For example, when the ith user is in cell 
1, the ICI signal is coming from cell 6, 7, 15, 16, 17, 18 and 19. The received SINR of 
the ith user when staying at cell-center area can be expressed by 
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when the received SINR when the ith user stays at cell-edge area can be expressed by 
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Figure 5.1 FFR technique including cell sectorization with two-subcarrier group 
 division. 
 
 
 
Figure 5.2 Cellular structure of OFDMA systems and interference at cell-edge.  
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where the parameters presented in (5.1) and (5.2) are described in Section 4.5. The 
parameters given in this literature are listed in Table 5.1. Then, the performance 
comparison of utilized and unutilized FFR technique is shown in Figure 5.3. There are 
two cases of separation between cell-center and cell-edge areas from this literature, 
consideration of distance between BS and user and determination of SINR of the user. 
For the first case, subcarrier group of cell-center is utilized when the distance between 
BS and user is less than 800 meters. On the other hand, subcarrier group of cell-edge 
is utilized when distance between BS and user is longer than 800 meters. Therefore, 
SINR increases after 800 meters due to ICI is reduced when FFR technique is  
 
Table 5.1 Parameters for simulation.  
Parameters Values 
Subcarrier spacing 15 kHz 
White noise power density -174 dBm/Hz 
Inter-cell distance 2 km 
BS transmit power 43 dBm 
Carrier frequency 900 MHz 
dcorr 5 m 
Channel model Pedestrian B 
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employed. For the second case, SINR is a parameter to determine which subcarrier 
utilized in cell-center and cell-edge regions. In this case, subcarrier group for cell-
center is utilized when SINR is higher than zero. On the other hand, subcarrier group 
utilized in cell-edge area is chosen.  
 From the results mentioned above, the performance in terms of SINR is 
simulated via MATLAB utilizing the same equations and parameters from the 
literature. The simulation result is shown in Figure 5.4. As we can see, the simulation 
result has a good agreement with the one from literature. This means that this 
MATLAB code is convincing to define the performance of the systems. 
 Next, the performance in terms of SINR employing FFR techniques with 
different frequency allocation schemes is discussed. The kinds of FFR are shown in 
Figure 5.5. In Figure 5.5 (a), all available subcarriers are used at cell-center region and 
some of subcarriers are used at cell-edge. Furthermore, all available subcarriers are 
divided into four parts, one part is used at cell-center area while other parts are used at 
cell-edge area in different cells as shown in Figure 5.5 (b). For Figure 5.5 (c), all 
available subcarriers are separated into two groups: cell-center and cell-edge groups. 
The cell-edge group is separated into three groups employed at cell-edge for different 
neighboring cells. In addition, to improve its capacity and reduce ICI, FFR technique 
is utilized including with cell sectorization as shown in Figure 5.5 (d) in which each 
cell is divided into three sectors. All available subcarriers are separated to two groups. 
One is called cell-center group employed at cell-center area and another one is called 
cell-edge group. The cell-edge group is divided into three subgroups where each 
subgroup is employed at different sector. 
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Figure 5.3 SINR vs. distance between BS and user from literature review  
 (Haipeng, Lei and Xin, 2007).  
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Figure 5.4 SINR vs. distance between BS and user from simulation result.  
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 The SINR employing different FFR scheme is shown in Figure 5.6. Please 
note that FFR technique used in Figure 5.6 is referred to the one shown in Figure 5.5. 
As a result, FFR cooperating with cell sectorization provides maximum performance. 
This is because it provides full benefit of frequency reuse in every cell. Therefore, the 
concept of FFR plus cell sectorization is adopted for the rest of this thesis. Please note 
that SINR shown in Figure 5.6 is rapidly changed at distance of 400 meters as this 
distance is initially given as a threshold distance between cell-center and cell-edge 
regions.
 
                             (a)                                                             (b) 
 
 
 
 
                             (c)                                                             (d) 
 
 
Figure 5.5 Examples of FFR techniques with different frequency allocation  
 schemes.  
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 5.3  Horizontal and vertical beamforming  
 Although, interference signal coming from neighboring cells is reduced using 
FFR, it cannot cope the problem of ICI. This problem is due to the subcarrier from 
neighboring cells interferes the one in the cell of interest, so called ICI problem. To 
handle this problem, several researchers (Yapeng, Xu, Ma and Cuthbert, 2010, 
Yapeng, Xu, Ma and Cuthbert, 2009, Wendy, Qinghua and Shilpa, 2010, Lott, 2006 
and Wongchompa and Uthansakul, 2011) have proposed the beamforming techniques 
when the beam pattern is steerable in horizontal plane as shown in Figure 5.7. As we 
can see that different beams are employed in different azimuth directions. 
Consequently, it cannot only reduce interference signal transmitted from the 
neighboring cells but also enhance the signal in a desired direction. Nevertheless, the 
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Figure 5.6 SINR vs. distance between BS and user for different types of FFR.  
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mentioned concept does not work very well for the case having ICI signal coming 
from the same direction of the desired signal for the cell of interest as shown in Figure 
5.8. In addition, the beam coming from cell-center introduces high level of 
interference to the neighboring’s cell- center. Therefore, the work presented in 
(Chaipanya and Uthansakul, 2011) has proposed an idea to reduce ICI problem using 
vertical beamforming concept as shown in Figure 5.9. As we can see, the FFR 
technique is utilized along with the concept of different subcarriers in different beams. 
This is a full utilization of parameters in both frequency and space domains. The 
performance comparison of vertical and horizontal beamforming is shown in Figure 
5.10. The parameters given in the simulation are listed in Table 5.1 (Haipeng, Lei and 
Xin, 2007). As we can see, utilizing vertical beamforming provides higher SINR to 
the systems. This is because interference from cell-center to the neighboring’s cell-
center is reduced. 
 
 
Figure 5.7 Horizontal beamforming.  
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Figure 5.8 Interference from neighboring cell when performing horizontal beam  
 formation.  
 
 
 
 
Figure 5.9 Vertical beamforming.  
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5.4  Antenna simulation  
 From Chapter 2, several antenna types have been proposed to steer their beam 
to desired direction such as the work presented in (Chaipanya and Uthansakul, 2011) 
which has presented inter-cell interference reduction using vertical beamforming 
scheme for fractional frequency reuse technique. In this work, 7×7 planar array 
antenna is utilized. This scheme can reduce ICI and improve performance of the 
cellular networks.  Nevertheless, this concept is considerably not practical as there are 
some difficulties in installation planar array at BS. In addition, system level analysis of 
vertical sectorization for 3GPP LTE and self-optimization of coverage and capacity in 
LTE using adaptive antenna systems have been presented in (Yilmaz and 
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Figure 5.10 SINR vs. distance between BS and user when performing horizontal  
 and vertical beamforming.  
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Hamalainen,2009 and Yilmaz, 2010). In these works, performance with various 
vertical half-power beamwidths and electrical tilt angles have been observed to obtain 
the optimized space of the overlap between two vertical sectors and the gain in terms 
of cell capacity. From these schemes, the system capacity can be improved. However, 
the schemes proposed in (Yilmaz and Hamalainen, 2009 and Yilmaz, 2010) cannot 
reflect the true performance for cellular networks as a real antenna currently employed 
at BS has not been taken into account.  In addition, the work presented in (Tsakalaki, 
Maestro, Haapala, Roman and Arauzo, 2012) has revealed the performance of vertical 
beam formation applied to a commercial active antenna. In the mentioned work, a 
min-norm technique has been proposed to accomplish beam formation which is 
considerably complicated to be implemented at BS, thus the hardware is costly. 
Therefore, this thesis presents the concept of vertical beamforming suitable for BS 
 
 
 
Figure 5.11 Reference antenna.  
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antennas as they are currently linearly stacked in vertical manner. This vertical 
beamforming technique is simple and practical to be installed at BS. The performance 
of proposed concept is validated through computer simulation comparative with the 
ones currently utilized at BS. 
 In this thesis, the antenna created in simulation according to the one appeared 
in (Andrew A CommScope Company, 2009) is currently employed at cellular BS. The 
photograph of the reference antenna is shown in Figure 5.11. It includes 9-elements 
antenna array where the inter-element spacing is 0.83λ as shown in Figure 5.12. The 
phase shift between adjacent elements that designed in CST Microwave Studio is 
referred from (4.2).  The simulation results obtained from CST Microwave Studio are 
compared with the commercial data from Commscope Company. The photograph of 
reference antenna is compared with the one created in CST Microwave Studio as 
shown in Figures 5.12 and Figure 5.13, respectively. In this Figure, the BS antenna is 
included with 9-elements antenna arrays, 9 feed lines and reflector. The horizontal 
pattern of commercial data and simulation results are shown in Figures 5.14 (a) and 
(b), respectively. Also, the vertical pattern from commercial data and simulation 
results are shown in Figures 5.15 (a) and (b), respectively. In addition, some 
parameters given in simulation are compared with the ones from commercial data as 
shown in Table 5.2. As we can see, the simulation results have a good agreement with 
the ones from commercial data. Also, the obtained half-power beamwidth in 
horizontal and vertical planes and also beam tilt angle are similar. Also, gain and front 
to back ratio of antenna are moderately comparable. 
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Figure 5.12 Photograph of reference antenna.  
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Figure 5.13 Photograph of antenna which created in CST.  
 
 
 
 
 
 
 
 
 
69 
 
      
  -30
  -20
  -10
  0
60
240
30
210
0
180
330
150
300
120
270 90
 
                                  (a)                                                           (b) 
 
Figure 5.14 Radiation pattern in azimuth of reference antenna (Andrew A  
      CommScope Company, 2009) obtained from (a) commercial  
 data and (b) simulation. 
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Figure 5.15 Radiation pattern in elevation of reference antenna (Andrew A  
 CommScope Company, 2009) obtained from (a) commercial  
 data and (b) simulation. 
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5.5 Vertical beamforming in cellular networks 
 The performance in terms of SINR presented in (4.17) is assumed that 
omnidirectional antenna is used at BS. Therefore, users obtain the same transmitted 
power all over the cell. This is because the gain of antenna is radiated in 
omnidirection. However, when FFR included with beamforming technique is 
employed, all areas in each cell experience unequal transmitted power. This is due to 
the omnidirectional antenna is replaced by directional antenna. Therefore, the 
direction experiencing maximum transmitted power is the direction of maximum 
radiation. According to this, SINR is considered with the radiation pattern of antenna 
which can be express as 
 
Table 5.2 Parameters of antenna.  
Parameters Commercial  data 
Simulation 
results 
Frequency (MHz) 870-960 900 
Horizontal, half power beamwidth (dBi) 65 64.1 
Gain (dBi) 17.8 18.7 
Vertical, half power beamwidth (dBi) 7 7 
Beam tilt (degree) 6 6 
Upper sidelobe suppression (dB) 18 13.1 
Front to Back Ratio at 180° (dB) 30 30.95 
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where  ,G    is gain in   and   directions of desired cell.  ,I I IG    is gain in I  
and 
I
  directions of interfering cells.  ,G    and  ,I I IG    are calculated by array 
factors equation in (4.8) and equal to unity (Balanis, C.A., 1997). 
 Substituting (5.3) into (5.1) and (5.2), the received SINR when FFR is 
included with beamforming technique can be expressed as 
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where (5.4) and (5.5) are the received SINR when user stays at cell-center and cell-
edge area, respectively. 
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 Next, the performance of cellular networks is shown in terms of SINR and 
channel capacity using the proposed scheme through the computer simulation. Please 
note that the parameters given in the simulation are listed in Table 5.1 (Haipeng, Lei 
and Xin, 2007). The antenna gain values employed in (5.4) and (5.5) in case of cell-
center and cell-edge are obtained from own developed computer program using CST 
Microwave Studio. Please note that the linear array antenna operating at 900 MHz is 
employed (Andrew A CommScope Company, 2009). The choice of mainbeam 
direction can be chosen by adjusting the phase shift between the antenna elements of 
the array. BS antenna height of 50 meters is considered in simulation. In the cell-
center area, the inference signal is assumed to be coming from 18 cells. At the cell-
edge area, the interference signal is coming from 7 cells (cell 6, 7, 15, 16, 17, 18 and 
19) as demonstrated in Figure 5.2. The threshold distance is assumed to be 400 meters. 
This distance is the criteria to switch the utilized beam. The beam at cell-center is 
utilized when the distance between user and serving BS is less than 400 meters, 
otherwise the beam at the cell-edge is exploited. 
 In case of one spot beam, the coverage area is all over the sector hence the 
cell-center and cell-edge utilize the same beam pattern. The different mainbeam 
directions are assumed in order to give variety in simulation cases. From simulation, 
mainbeam direction of 98° seems to provide the maximum SINR to the systems as 
shown in Figure 5.16. However, SINR is relatively low in the cell-center region (0 to 
400 meters) when mainbeam direction is small, from 96 to 100 degrees. This is due to 
the half-power beamwidth in vertical plane of antenna cannot cover all of the sector 
area. However, SINR can be improved when applying the proposed concept utilizing 
vertical beamforming, two beams for cell-center and cell-edge as shown in Figure 5.9. 
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 Next, an appropriate angle of mainbeam direction covering cell-center area is 
discussed.  Some different angles of mainbeam directions have been utilized in 
simulation to improve performance of cell-center area as its outcome is shown in 
Figure 5.17. As we can see, mainbeam direction of 106° seems to provide the 
maximum SINR at cell-center area. Nevertheless, it cannot provide maximum 
performance in the cell-edge region (from 400 to 1000 meters) comparing with 
utilizing main beam direction of 98°. This is because the half-power beamwidth in 
vertical plane of antenna cannot cover the cell-edge area. Furthermore, the users at the 
cell-edge area suffer from high level of interference coming from neighboring cells. 
Therefore, this work proposes utilization the different beams in cell-center and cell- 
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Figure 5.16 SINR vs. distance between BS and user when varying tilted-angle of 
 mainbeam for cell-edge area.  
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edge area separately. The mainbeam direction of 106° is used for covering cell-center 
area and 98° is used for covering cell-edge area. 
 Latter, the proposed concept is validated comparing with single beam scheme 
providing one spot beam covering all over the sector, hence the cell-center and cell-
edge areas utilize the same beam pattern. The obtained comparison is shown in Figure 
5.18. Two assumed cases provide similar performance in the cell-edge region (after 
400 meters). In addition, SINR is relatively low in the cell-center region (0 to 400 
meters) when applying single beam scheme. However, in this area, the SINR can be 
improved when applying the proposed concept utilizing vertical beamforming, two 
separate beams for cell-center and cell-edge areas. 
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Figure 5.18 SINR vs. distance between BS and user for 3 cases, single beam, 1- 
 beam vertical beam and 2-beam vertical beam. 
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  Next, the channel capacity of two cases is described in Figure 5.19. As we can 
see, for the case of vertical beamforming, two beams separately utilized for cell-center 
and cell-edge can improve the system capacity. However at 350 meters, the capacity 
of proposed scheme is lower than the capacity of one spot beam scheme. This may be 
caused by changing beam from cell-center to cell-edge. However, the proposed 
vertical beamforming enhances performance of cellular networks.  
The results discussed earlier have been obtained by assuming the region in 
one-dimensional from 0 to 1000 meters. Anyway, it cannot illustrate the overall 
performance throughout the sector. Therefore, the SINR throughout the sector is 
revealed in Figure 5.20. As we can see, the area having higher SINR in case of 
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Figure 5.17 SINR vs. distance between BS and user when varying tilted-angle of 
 mainbeam for cell-center area.  
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Figure 5.19 Capacity vs. distance b tween BS and user for 3 cases, single b am,  
 1-beam vertical beam and 2-beam vertical beam. 
 
 
 
 
 
 
 
 
 
76 
utilizing the proposed concept is wider comparing to the one employing single beam, 
particularly at the cell-center. This means that the vertical beamforming enhances the 
performance of cellular networks. 
 
5.6 Chapter summary 
 In this chapter, beam patterns are simulated according to the BS antenna 
currently utilized nowadays. The performance in terms of SINR is considered with 
radiation pattern of antenna. Two separate beams are utilized for cell-center and cell-
edge areas. The results show that mainbeams in directions of 106° and 98° provide the 
maximum SINR at cell-center and cell-edge areas, respectively. This results in 
reduction of the inter-cell interference coming from neighboring cells. The obtained 
results have indicated that the vertical beamforming concept can improve the 
performance of the cellular networks comparing with the one employing one spot 
beam. 
             
                                (a)                                                               (b) 
 
Figure 5.20 Contour plots of SINR over the sector (a) single beam and (b)  
 vertical beamforming. 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER VI 
EXPERIMENTAL RESULTS 
 
6.1   Introduction 
 In this chapter, the designed antenna is constructed based on CST Microwave 
Studio simulation. Then, the antenna is tested for two cases: with and without phase 
shifters. The parameters in terms of return loss and impedance are measured. 
Moreover, the radiation patterns of antenna are tested under real circumstance for both 
two cases. Also, the performance in terms of SINR and channel capacity using 
experimental results are exposed to confirm that the proposed concept is able to 
improve the performance of cellular networks.  
6.2 BS antenna 
 The antenna is created based on CST Microwave Studio programming as 
shown in Figure 5.12 (b). First, single antenna with reflector is created as shown in 
Figure 6.1. The parameters of single antenna are measured using network analyser. In 
addition, impedance matching of this antenna at 900 MHz is done by adjusting the gap 
between antenna and feed line as shown in Figure 6.1. The results in terms of return 
loss and impedance of an antenna are shown in Figures 6.2 (a) and (b), respectively. 
The obtained results show less than -20 dB return loss and higher than 43 ohm 
impedance. These results can confirm that this antenna can be used in practical 
(Stutzman and Thiele, 2013). Next, nine-element antenna array is included with in a 
reflector as shown in Figure 6.3 (b) comparing to a photograph of antenna as 
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shown in Figure 6.3 (a). The return loss and impedance of each element are measured 
as shown in Table 6.1. As a result, the return loss of each element is about 23 dB and 
impedance of each element is about 45 ohm. This means that each element can work 
very well in practical. Afterwards, input power is divided into individual element at 
the same power level using power divider as shown in Figure 6.4. This power divider 
is used for one input separated into three equal outputs. One power divider is used for 
3-element antenna array. Therefore, four power dividers are used for this antenna. 
Three power dividers are used for 9-element antenna array and another one is used for 
separating input power into three power dividers. The inclusion of 9-element antenna 
array with 4 power dividers is shown in Figure 6.5. The return loss and impedance of 
the antenna is measured using network analyzer and the results are shown in
 
 
 
Figure 6.1 Single antenna with reflector. 
 
 
 
 
 
 
 
 
 
79 
 
 
 
 
(a) 
 
 
 
 
(b) 
 
Figure 6.2 (a) Return loss and (b) impedance of single antenna with reflector. 
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                    (a)                                                                         (b) 
 
Figure 6.3 Photograph of (a) antenna created in simulation and (b) fabricated  
 antenna. 
 
Table 6.1 Parameters of each element.  
No. of antenna Return loss (dB) Impedance (Ohm) 
1 -24.881 46.393+j4.2754 
2 -24.734 46.078+j0.0000 
3 -22.074 43.266+j0.0000 
4 -19.843 43.172-j3.06640 
5 -16.797 43.672-j10.0800 
6 -18.675 42.926-j6.2930 
7 -17.078 40.869-j6.2813 
8 -20.430 42.506+j0.0000 
9 -20.659 42.336+j0.9863 
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Figure 6.4 Power divider at 900 MHz. 
 
 
 
 
Figure 6.5 Photograph of 9-element antenna array with 4 power dividers. 
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Figures 6.6 (a) and (b), respectively. The obtained results show less than -14 dB return 
loss and more than 47 ohm impedance. This can confirm that the antenna is able to use 
in practical environment.   
 Afterwards, the environment under test is considered. The spectrum signal at 
900 MHz is explored using spectrum analyser in the testing area as shown in Figure 
6.7. As a result, interference signal is relatively low during frequencies from 894.6 to 
939.4 MHz. This result can confirm that radiation pattern of antenna can be measured 
in this area at 900 MHz without interference. Then, this constructed antenna is tested 
in testing area as shown in Figure 6.8. At the receiver, monopole antenna at 900 MHz 
is utilized to be a receiving antenna followed by low noise amplifier as shown in 
Figure 6.9. The results shown in network analyzer screen are recorded every 0.5 
degree relative to the transmitter. At the transmitter, the constructed antenna transmits 
the input power fed by network analyzer through power amplifier as shown in Figure 
6.10 (a). The constructed antenna is rotated by 0.5 degree at a time using servo motor 
as shown in Figure 6.10 (b). The obtained results at receiver are shown in terms of 
radiation patterns as shown in Figure 6.11. Figures 6.11 (a) and (b) show horizontal 
and vertical patterns from the experiment, respectively. As we can see, the 
experimental results have a good agreement with the ones obtained from simulation 
results as illustrated on Figure 5.13 (b) and Figure 5.14 (b). Also, the obtained half-
power beamwidth in horizontal and vertical planes and also beam tilt are similar. 
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Figure 6.6 (a) Return loss and (b) impedance of constructed antenna. 
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Figure 6.7 Frequency spectrum in testing area for frequencies between (a) 894.6 
 to (b) 939.4 MHz. 
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Figure 6.8 Testing area for radiation pattern measurement. 
 
 
 
 
 
Figure 6.9 Receiving antenna followed by low noise amplifier. 
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(a) 
 
 
 
(b) 
 
Figure 6.10 (a) Input power fed by network analyzer through power amplifier  
 and (b) BS antenna at transmitter. 
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6.3  BS antenna with phase shifter 
 Next, main beam direction can be changed by adjusting the phase shift 
between the antenna elements of the array. One method to adjust the phase shift 
between the antenna elements is to control the input voltage of individual phase 
shifter. In this thesis, op amp circuit is chosen to control input voltage of each phase 
shifter. The op amp circuit is shown in Figure 6.12 in which its output voltage can be 
express by (Boylestad and Nashelsky, 2002) 
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where R1 and R2 are resistors of the op amp circuit. Also, Vout and Vin are output and 
input voltage of op amp circuit. In this thesis work, Vin and R1 are constant values
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Figure 6.11 Measured radiation pattern in (a) azimuth and (b) elevation. 
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while R2 is adjusted to suit to Vout which is input voltage of phase shifter. The phase 
shift between the antenna elements of the array can be express by (Balanis, 1997) 
 
                                                 01 cosn kd                                            (6.2) 
 
where n stands for the order of antenna element and k is the propagation constant, with 
k = 2π/λ. The antenna elements are equally spaced by d. The angle represented by θ is 
measured from the z-axis in spherical coordinate. 
From simulation results presented in chapter V, main beam direction of 106° 
seems to provide the maximum SINR at cell-center area. Then, op amp circuit is 
designed to control input voltage of phase shifter to shift direction of main beam to 
 
 
 
Figure 6.12 Op amp circuit. 
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106° as shown in Figure 6.13. One op amp circuit set shown in Figure 6.13 (a) is used 
for phase shifter number 2 to 5 and another one as shown in Figure 6.13 (b) is used for 
phase shifter number 6 to 9. For the first phase shifter, 0 V input voltage of phase 
shifter is designed then op amp circuit is excepted. Please note that nine phase shifters 
are used to 9-element antenna array. However, the maximum phase shift range of 
    
 
                           (a)                                                              (b) 
 
Figure 6.13 Op amp circuit controlling phase shifter number (a) two to five and 
  (b) six to nine. 
 
 
 
 
 
Figure 6.14 180° phase shifter at 900 MHz. 
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Mini-Circuits JSPHS-1000 phase shifter is less than 230°. Therefore, phase shifters 
180° are created and added to phase shifter number 7 to 9 which have phase shift 
higher than 230°. The 180° phase shifter is designed by (Pozar, 1998) according to the 
following equations. 
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where W is the width of microstrip line and d is the substrate thickness. Also, Z0 is 
characteristic impedance and r  is dielectric constant. The line length of phase shifter 
can be express by 
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where l is the line length of microstrip line and   is the desired phase shift. Please 
note that phase shifter is created using single-layer printed circuit board using FR4-
substrate with dielectric constant of 4.5 and substrate thickness of 1.6 mm. Then, the 
fabricated phase shifter is measured by Network Analyzer. However, phase shift of 
phase shifter is not exactly 180° referring to the calculated length. This is due to that 
dielectric constant is  varied with operating frequency. Therefore, the line length of 
phase shifter is trimmed to make some changes to the line impedance. The 180° phase 
shifter at 900 MHz is shown in Figure 6.14. Moreover, input voltage and phase shift 
of phase shifters are measured as shown in Figures 6.15 (a) and (b), respectively. 
Then, measured results are compared with the one obtained from calculation as shown 
in Table 6.2. As we can see, the measured results have a good agreement with the ones 
obtained from calculation.  
Next, phase shifters are included with antenna as shown in Figure 6.16. Figure 
6.17 shows voltage control of op amp circuit which is input voltage of phase shifter. 
Afterwards, return loss and impedance of the antenna with phase shifter are measured 
using network analyzer as shown in Figures 6.18 (a) and (b), respectively. As we can 
see, the return loss and impedance from antenna with and without phase shifter are 
similar. The obtained results show -14.729 dB return loss and 47.633 ohm impedance. 
These results can indicate that this antenna can be used in practical with the equipment 
having its impedance of 50 ohm. Then, the antenna with phase shifter is tested under 
same circumstance with the antenna without phase shifter. The results are recorded 
every 0.5 degree and shown in terms of radiation patterns as shown in Figure 6.19. 
The Figures 6.19 (a) and (b) show horizontal and vertical patterns of antenna with 
phase shifter, respectively. In addition, some parameters from experiment are
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(a)  
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Figure 6.15 Testing of (a) input voltage and (b) phase shift of phase shifters. 
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compared with the ones from simulation with and without phase shifter as shown in 
Table 6.3. As we can see, the experimental results have a good agreement with the 
ones obtained from simulation results. Also, the obtained half-power beamwidth in 
vertical plane and also beam tilt are similar. The half- power beamwidth in horizontal 
plane and front to back ratio of antenna are moderately comparable. However, gain 
and upper side lobe are slightly different. This may be caused by circumstance under 
test. However, all experimental results are able to confirm that users at cell-center 
andcell-edge can utilize two beams separately using this vertical beamforming. 
Moreover, polarization of antenna with and without phase shifter are measured and 
compared in Figure 6.20. As we can see, the polarization of two cases have a good 
agreement. This results are indicated that this antenna is linearly polarized (Balanis, 
1997). 
Table 6.2 Calculated results vs. measured results of nine phase shifters.  
No. of 
phase 
shifter 
Calculated results Measured results 
Input 
voltage (V) 
Phase shifter 
(deg.) 
Input voltage 
(V) 
Phase shifter 
(deg.) 
1 0 0 0 0 
2 3.8 41.58 3.9 41.5 
3 5.7 83.16 5.86 82.76 
4 7.5 124.74 7.87 125.12 
5 9.4 166.32 9.81 166.45 
6 17.9 207.9 19.7 208.13 
7 5.3 249.48 5.61 249.73 
8 6.8 291.06 7.04 292.43 
9 8.5 332.64 8.89 332.64 
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Figure 6.16 Photograph of antenna with phase shifters. 
 
 
 
 
Figure 6.17 Input voltage of op amp circuit from power supplies. 
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Figure 6.18 (a) Return loss and (b) impedance of constructed antenna with phase  
 shifters. 
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Figure 6.19 Measured radiation pattern in (a) azimuth and (b) elevation. 
 
 
Table 6.3 Parameters of antenna with and without phase shifter.  
Parameters 
Without phase shifter With phase shifters 
Simulation 
results 
Experimental 
results 
Simulation 
results 
Experimental 
results 
Frequency (MHz) 900 900 900 900 
Horizontal, half 
power beamwidth 
(dBi) 
64.1 63 66 65 
Gain (dBi) 18.7 18.6 15.1 15.1 
Vertical, half 
power beamwidth 
(dBi) 
7 7 7 7.5 
Beam tilt (degree) 6 6 16 16 
Upper sidelobe 
suppression (dB) 13.1 13 14.7 7.4 
Front to Back 
Ratio at 180° (dB) 30.95 32.9 32.8 30.4 
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6.4  Performance of cellular networks  
 Latter, the results from experiment are discussed. The performance in terms of 
SINR and channel capacity using experimental results are shown comparing to the 
performance obtained from simulation results. The proposed concept is validated 
comparing with single beam scheme. The obtained comparison is shown in Figure 
6.21. Two assumed cases, single beam and vertical beamforming, provide similar 
performance in the cell-edge region. In addition, the SINR can be improved when 
applying the proposed concept utilizing vertical beamforming at cell-center like the 
results obtained from simulation as shown in Figure 5.17. 
 Next, the channel capacity of two cases is described in Figure 6.22. As we can 
see, for case of vertical beamforming, two beams separately utilized for cell-center 
and cell-edge is able to improve the system capacity as a result from simulation in 
Figure 5.18. Moreover, the SINR throughout the sector is revealed in Figure 6.23. As
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Figure 6.20 Polarization of antenna with and without phase shifter. 
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Figure 6.21 SINR vs. distance between BS and user from experimental results  
 for 3 cases, single beam, 1-beam vertical beam and 2-beam vertical 
 beam. 
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Figure 6.22 Capacity vs. distance between BS and user from experiment results  
for 3 cases, single beam, 1-beam vertical beam and 2-beam vertical  
 beam. 
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we can see, the area having higher SINR in case of utilizing the proposed concept is 
wider comparing to the one employing single beam, particularly at the cell-center. 
From the results, we can confirm that the proposed vertical beamforming enhances 
performance of cellular networks. 
 
6.5 Chapter summary 
 The antenna is created based on CST Microwave Studio programming. The 
radiation patterns are tested under real circumstance for two cases: with and without 
phase shifter. The radiation pattern from experimental results is compared with the 
ones from simulation and commercial data. The results are indicated that radiation 
patterns from experiment, simulation and commercial data have a good agreement. 
Then, the performance in terms of SINR and channel capacity employing 
experimental results is revealed. The results from experiment confirm that the 
proposed vertical beamforming enhances the performance of cellular networks.  
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Figure 6.23 Contour plot of SINR over the sector from experimental results for 
 (a) single beam and (b) vertical beamforming. 
 
 
 
 
 
 
 
 
 
  
CHAPTER VII 
THESIS CONCLUSION 
 
7.1   Conclusion 
 As the demand of cellular networks have been dramatically increased, utilizing 
the same frequency in every cell for cellular networks can provide full benefit to 
utilization of frequency bandwidth. However, this can be a cause of ICI from 
neighboring cells. To tackle the problem, the frequency resource is divided and 
differently allocated between cell-center and cell-edge areas, so called FFR technique. 
From literature reviews, there are several forms of subcarrier allocation in FFR 
technique. Some forms of subcarrier allocation are simulated to compare the 
performance of cellular networks. From simulated results, form of subcarrier 
allocation that provides maximum performance is FFR cooperating with cell 
sectorization. All available subcarriers are separated to two groups, one is called cell-
center group employed at cell-center area and another one is called cell-edge group 
which is divided into three subgroups in which each subgroup is employed at different 
sectors. 
 Although, interference signal coming from neighboring cells is reduced using 
FFR, it cannot cope the problem of ICI. This problem is due to the subcarrier from 
neighboring cells interferes the one in the cell of interest. To handle this problem, 
beamforming technique in smart antenna systems have been proposed. Beamforming 
technique can improve the performance in cellular networks due to this technique are 
capable of forming beam in desired direction and nulls in the interference directions. 
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Beamforming technique in smart antenna systems can be classified into two 
categories: fixed and adaptive beamforming systems. From advantage and 
disadvantage points of views for fixed and adaptive beamforming systems, fixed 
beamforming systems are in focus for this thesis as they are not complicated. 
Moreover, high speed signal processing is not necessary to continually track the 
desired user in fixed beamforming systems. In addition, beamforming techniques 
when the beam pattern is steerable in horizontal and vertical planes to reduce 
interference signal transmitted from the neighboring cells and enhance the signal in 
desired direction are discussed. The performance comparison of horizontal and 
vertical beamforming is revealed. The result shows that utilizing vertical beamforming 
provides higher SINR to the systems. This is because interference from cell-center to 
the neighboring’s cell-center is reduced. 
 In this thesis, beamforming technique using antenna which is currently 
employed at cellular BS is considered. From the commercial data, the half power 
beamwidth in horizontal plane of this array antenna is 120 degree which can cover all 
of a sector area. However, the half power beamwidth in vertical plane is 7 degree. This 
beamwidth cannot cover all of users at cell-center or cell-edge area in a sector. 
Therefore, beamforming technique is used to improve the performance of beam 
covering at cell-center and cell-edge area. Vertical beamforming which the different 
beams are separately used for cell-center and cell-edge area is proposed. 
Next, beam patterns are simulated according to the BS antenna currently 
utilized nowadays using CST Microwave Studio. The performance in terms of SINR 
is considered with radiation pattern of antenna. Two separate beams are utilized for 
cell-center and cell-edge areas. The results show that when the height of BS antenna is 
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50 meters mainbeams in directions of 106° and 98° provide the maximum SINR at 
cell-center and cell-edge areas, respectively. This results is reduction of the inter-cell 
interference coming from neighboring cells.  Moreover, the designed antenna is 
constructed based on CST Microwave Studio simulation. The radiation patterns are 
tested under real circumstance in two cases: with and without phase shifter. The 
radiation pattern from experimental results is compared with the ones from simulation 
and commercial data. The results are indicated that radiation patterns from 
experiment, simulation and commercial data have a good agreement. Then, the 
performance in terms of SINR and channel capacity employing experimental results is 
revealed. The results from experiment confirm that the proposed vertical beamforming 
enhances the performance of cellular networks.  
The conclusion of this thesis can be summarized from the contributions in 
Section 1.4 as follows. 
7.1.1 The scheme providing the maximum performance which is utilized in 
thesis work is FFR cooperating with cell sectorization. 
7.1.2 Vertical beamforming provides higher SINR to the system comparing 
to  horizontal beamforming. 
7.1.3 Beam patterns are simulated according to the BS antenna currently 
utilized nowadays. The radiation pattern from simulation is compared with the one 
from commercial data. The result shows that the radiation pattern from simulation and 
commercial data have a good agreement. 
7.1.4 Two separate beams are utilized for cell-center and cell-edge areas. The 
results show that when the height of BS antenna is 50 meters mainbeams in directions 
of 106° and 98° provide the maximum SINR at cell-center and cell-edge, respectively. 
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7.1.5 The antenna is constructed based on CST Microwave Studio 
simulation. The radiation patterns are tested under real circumstance. The radiation 
pattern from experiment, simulation and commercial data have a good agreement. The 
performance employing experimental results confirm that the proposed vertical 
beamforming enhances the performance of cellular networks. 
For future work, some algorithm should be applied to increase half power 
beamwidth of cell-center beam to cover all of the cell-center area, specifically 350 to 
400 meters. However, the experimental results and simulation results from this thesis 
can be used as a guide line for the performance of the cellular networks, where the 
benefit of the proposed scheme is still better than the conventional scheme.  
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APPENDIX A 
 
ROTATING PEDESTAL OF ANTENNA 
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A.1 Rotating pedestal of antenna  
 Servo motor is combined with pedestal to rotate antenna as shown in Figure 
A.1. There is a touch screen monitor to control its operation. To set the rotating 
pedestal, the setting steps are as follows. 
  
 
 
 
 
 
 
 
 
 
 
Figure A.1 Rotating pedestal.  
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A.1.1 Press screen to start as shown in Figure A.1.1. 
 A.1.2 The data is shown in monitor. Please note that gray color is appeared at  
“Home Complete” button as shown in Figure A.1.2. 
 
A
.
1
.
3
  
A
 
 
 
Figure A.1.1 Starting screen.  
 
 
 
 
Figure A.1.2 Home Complete button.  
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A.1.3. The desired setting is set in this step. First, the step of degree required
 for rotation is assigned in “Set degree to move step”. Then, press 
“Enter” when the required degree is set as shown in Figure A.1.3.1. 
Next, press “Holding time” to assign the waiting time for rotating in 
next degree. Then, press “Enter” when the holding time is set as shown 
in Figure A.1.3.2. Later, press “Speed move” to assign the speed 
moving from one degree to next degree. Then, press “Enter” when the 
speed move is set as shown in Figure A.1.3.3. 
 
 
 
 
 
Figure A.1.3.1 Degree setting for moving step. 
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Figure A.1.3.2 Holding time setting. 
 
 
 
 
Figure A.1.3.3 Speed move setting. 
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A.1.4 Press  button. Then, press  button. The servo motor is 
rotated to 0 degree. Green color is appeared at “Home Complete” 
button. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A.1.5 Press “Running” button. Motor is rotated related to the previous setting. 
 
 
 
 
Figure A.1.4 Home Complete button after setting. 
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